Abstract. The electrocatalytic oxidation of venlafaxine (VEN) was investigated at a glassy carbon electrode (GCE), the modified electrode by a gel containing multiwall carbon nanotubes (MWCNTs) and a room-temperature ionic liquid (RTIL), 1-butyl-3-methylimidazolium hexafluorophate (BMIMPF 6 ) in 0.10 mol L −1 phosphate buffer solution (PBS, pH 6.8). It was found that an irreversible anodic oxidation peak of VEN with the peak potential (E pa ) as 0.780 V appeared at MWCNTs-RTIL/GCE. The electrode reaction process was a diffusion-controlled one and the electrochemical oxidation involved two electrons transferring and two protons participation. Furthermore, the charge-transfer coefficient (α), and the electrode reaction rate constant (k f ) of VEN were found to be 0.91 and 3.04×10 −2 s −1 , respectively. Under the optimized conditions, the electrocatalytic oxidation peak currents were linearly dependent on the concentration of VEN in the concentration range from 2.0×10 −6 mol L −1 ~ 2.0×10 −3 mol L −1 with the limit of detection (S / N = 3) as 1.69×10
INTRODUCTION
Venlafaxine (VEN, 1-2-(dimethylamino)-1-(4-methoxyphenyl)ethylcyclohexanol, chemical structural formula see Figure 1 ), is a new antidepressant, which selectively inhibits re-uptake of norepinephrine and serotonin, and slightly inhibits re-uptake of dopamine and without significant affinity for muscarinic, histaminergic or  1 -adrenergic receptors. 1−3 It also has a good treatment of anxiety associated with depression, generalized anxiety disorder and obsessive-compulsive disorder as foreign test reported. 4, 5 However, an overdose of VEN results in the most common symptoms such as depression, serotonin toxicity, seizure, or cardiac conduction abnormalities. Hence, their determination is of great significance. 6−8 To the best of our knowledge, the main research methods of VEN including high performance liquid chromatography, [9] [10] [11] high-performance liquid chromatography-electrospray ionization mass spectrometry (HPLC-MS/ESI), 12, 13 high-performance liquid chromatography and spectrofluorimetry, [14] [15] [16] liquid chromatography-mass spectrometry, [17] [18] [19] [20] [21] [22] liquid chromatography, 23, 24 spectrofluorimetry, 25 gas chromatography-mass spectrometry, 26 reversed phase high-performance liquid chromatography, [27] [28] [29] capillary electrophoresis, 30 and the electrochemical methods. [31] [32] [33] [34] From what is mentioned above, various electrochemical methods have been developed for the quantitative determinations of VEN such as square wave voltammetry on hanging mercury electrode, 31 adsorptive stripping voltammetry on mercury film modified glassy carbon electrode, 32 adsorptive stripping differential pulse voltammetry on nafion-carbon nanotube modified glassy carbon electrode, 33 and electrocatalytic oxidation and electrochemical determination of venlafaxine at acetylene blackionic liquid modified glassy carbon electrode. 34 However, the electrocatalytic oxidation and electrochemical determination of VEN at multi-wall carbon nanotubesionic liquid gel modified glass carbon electrode (MWCNTs-RTIL/GCE) has not been reported in the literature to the best of our knowledge.
Carbon nanotubes (CNTs) have started a new era for the development of novel electrode materials due to their amazing structural, mechanical, electrical and physical properties. [35] [36] [37] [38] [39] [40] Moreover, CNTs have many other novel properties such as small size, large surface area, high electrical conductivity, high mechanical strength, interface effect and the other characteristics. Their subtle electronic properties suggest that CNTs have the ability to promote charge-transfer reactions when used as electrode modifying materials. 41 Roomtemperature ionic liquids (RTILs) are molten organic salts consisting entirely of ions that exist in the liquid state around room temperature. 42 They have excellent chemical and physical properties such as good chemical and thermal stability, wide electrochemical windows and high ionic conductivity. [43] [44] [45] [46] When a gels is made by grinding the mixture of imidazolium ion-based RTILs and pristine single-walled CNTs, CNTs have good performance of electrochemical characteristics as the phenomenon of agglomeration and cross-linking of CNTs can be mediated by RTILS because of the "cation-π" of strong interactions between RTILs and CNTs. 47, 48 Thus, the combination of the RTILs and CNTs can get a favorable fabrication of the modified electrode which can be successfully applied in the catalysis of bioelectrochemical reaction, fabrication of biosensors and the determination of the various biomolecules. 49 As a continuation of our previous work, 34, 50 we found that the oxidation peak potential of VEN shifted to positive slightly at MWCNTs-RTIL/GCE and the peak current increased by almost two times in contrast to that at MWCNTs/GCE, and the oxidation peak potential shifted to negative slightly and the peak current increased by almost eight times in contrast to that at GCE which indicated that MWCNTs-RTIL can catalyze VEN electrochemical oxidation reaction very well. The electrochemical behaviors and electrochemical kinetics of VEN were investigated at MWCNTs-RTIL/GCE by cyclic voltammetry (CV), chronoamperometry (CA) and the square wave voltammetry (SWV). At the same time, a quantitative electrochemical determination of VEN content in commercial Venlafaxine hydrochloride capsules was determined and the experimental results can meet the requirement of the quantitative determination.
EXPERIMENTAL

Apparatus
All electrochemical experiments were carried out using an Electrochemistry Workstation CHI660A (CH Instrument, USA). A personal computer was used for data storage and processing. The working electrodes were a CHI104 GCE with 3 mm diameter, multi-wall carbon nanotube modified glassy carbon electrode (MWCNTs/GCE), and a glassy carbon electrode modified by multi-wall carbon nanotube and the room temperature ionic liquid (MWCNTs-RTIL/GCE), a platinum wire as the auxiliary electrode and a saturated calomel electrode (SCE) as the reference electrode, respectively. All potentials measured and reported in this work were versus a SCE. were functionalized to give carboxylic carbon nanotubes following the procedure reported. 51 1-Butyl-3-methylimidazolium hexafluorophate (BMIMPF6, Shanghai Chengjie Chemical Co. Ltd, China; Purity > 99%). 0.10 mol L -1 Na 2 HPO 4 -NaH 2 PO 4 buffer solution (PBS, pH 6.8) was used as the supporting electrolyte. Other reagents used were of analytical grade. All solutions were prepared by doubly distilled water and thoroughly flushed with high purity nitrogen that was used to remove oxygen for 5 min from the solutions in the electrochemical cell. All experiments were carried out at room temperature.
Reagents
Fabrication of the Modified Mlectrodes
A glassy carbon electrode was polished with 0.3 μm α-Al 2 O 3 slurry on the polishing micro-cloth, rinsed thoroughly with the double distilled water and ultrasonic successively in acetone and double distilled water for 3 min to remove any remaining polishing alumina.
1 mg of functionalized MWCNTs were dispersed into 2 mL N,N-dimethylformamide (DMF) / H2O (1 : 1) aqueous solution with the aid of ultrasonic stirring for 15 min to give a 0.50 mg mL -1 homogeneous black suspension, and then 8 µL of MWCNTs dispersion was dropped on GCE surface with a micro-syringe and the solvent was evaporated under infrared lamp to obtain MWCNTs/GCE. 6 mg MWCNTs mixed with 100 µL BMIMPF 6 was ground for about 20 min in a mortar to give a viscous CNTs-RTIL gel, and then a proper amount of the gel was transferred on the cleaned electrode surface by mechanically rubbing, thus the MWCNTs-RTIL/GCE was fabricated.
RESULTS AND DISCUSSION
The Electrochemical Impedance Spectroscopy (EIS) of GCE and the Modified Electrodes
The EIS could generally reflect the surface properties of the modified electrode during the fabrication process. 52 By using Fe(CN) 6 3-/4-redox couples as an electrochemical probe, the Nyquist plots of the different electrodes were shown in Figure 2 . With the frequencies range from 1 Hz to 100 kHz, the EIS plots consist of two parts: one is the linear part at lower frequencies which represent the diffusion-limited process; the other one is a semicircle portion observed at the higher frequencies corresponding to the electron-transfer-limited process. Generally, the diameter of the semicircle is usually equal to the resistance of electron transferring (Ret), at high frequencies near the origin, MWCNTs-RTIL/GCE represented an obvious smaller semicircle (curve c in Figure 2 ) than that of the GCE (curve a in Figure 2 ) and that of MWCNTs/GCE (curve b in Figure 2) , which related to a good ionic conductivity and the least resistance of electron transferring of MWCNTs-RTIL/GCE. At low frequencies, MWCNTs-RTIL/GCE represented a linear tail with a maximal slope (curve c in Figure 2 ) among the three kinds of the electrodes which indicated that MWCNTs-RTIL/GCE obviously improved the diffusion of ferricyanide toward the electrode surface, in agreement with EIS theory. 53 The Figure 3 . From the curve c in Figure 3 , it can be seen that an irreversible oxidation peak of VEN with the peak potential (E pa ) as 0.78 V appeared at MWCNTs-RTIL/GCE. It found that the oxidation peak potential of VEN at MWCNTs-RTIL/GCE shifted to negative slightly and the peak current increased by almost three times in contrast to that at GCE (curve a in Figure 3) , and the oxidation peak potential shifted to positive slightly and the peak current increased by over one times in contrast to that at MWCNTs/GCE (curve b in Figure 3 ). It shown that the oxidation peak potential shifted to positive slightly may have some relationship with the viscosity of RTIL. The electrochemical oxidation of VEN can be improved at MWCNTs-RTIL/GCE and it is an irreversible electrocatalytic oxidation process in the experimental results. The probable catalytic mechanism is that MWCNTs with nano-scaled dimensions have large surface area to provide more reaction sites for electrocatalytic oxidation and to promote the electron exchange rate of VEN. 41 In addition, RTIL with high ionic conductivity can further promote the electron transferring, 45, 46 and then the MWCNTs are untangled after treated with the RTIL, mainly because of cross-linking of the nano-tube bundles mediated by local molecular ordering of RTIL resulting from the "cation-π" interactions between imidazolium and nano-tubes. 47, 48 Therefore, MWCNTs-RTIL gel can act as a catalyst to improve the electron transferring rate, and then to promote the electrocatalytic oxidation process of VEN very well. However, no corresponding reduction peak was observed on the reverse scan indicating the irreversibility of electrochemical oxidation of VEN. The effect of scan rate on the electrochemical behaviors of VEN at GCE, MWCNTs/GCE and MWCNTs-RTIL/GCE were investigated by cyclic voltammetry (CV) under the scan rate from 10 mV s -1 to 1000 mV s -1 . With the scan rate increasing, both the peak currents increased and the peak potentials shifted positively. The oxidation peak currents (I p ) versus the square roots of the scan rate (ν with the correlation coefficients (R) as 0.9980, 0.9990 and 0.9980 at GCE, MWCNTs/GCE and MWCNTs-RTIL/GCE, respectively. The experimental results were expected that the electrochemical oxidation processes of VEN at GCE, MWCNTs/GCE and MWCNTs-RTIL/GCE are a diffusion-limited electrode reaction processes.
The Effects of Experimental Conditions
The effect of the various kinds of electrolytic solutions on the catalytic oxidation peak currents and potentials of VEN have been conducted by CV. The voltammetric behaviors of VEN at scan rate 50 mV s -1 had been investigated in different electrolytic solutions such as aqueous NaCl, Na 2 SO 4 , NaNO 3 , NaAc, NaAc-HAc, B-R and Na 2 HPO 4 -NaH 2 PO 4 (PBS) buffer solutions. The experimental results showed that VEN had a welldefined electrochemical behavior in 0.10 mol L -1 of PBS. Therefore, 0.10 mol L -1 of PBS was chosen as a supporting electrolyte.
The effect of the amount of the MWCNT on the oxidation peak currents of VEN was studied. The experimental results revealed that the oxidation peak currents of VEN increased gradually with the increasing amount of the MWCNT from 2 μL ~ 8 μL, and then remained basically unchanged when the amount of the MWCNT increased from 8 μL ~ 13 μL, but it was reduced when the amount of the MWCNT increased further. Therefore, the appropriate amount of the MWCNT is about 8 μL. BMIMPF 6 -MWCNT composite with different ratio was investigated by CV in 2.0×10 -4 mol L -1 VEN with 0.10 mol L -1 of PBS which indicated that the peak currents of VEN remained constant basically. However, when the amounts of RTIL are too much or little, it can not form a very good paste for fabricating the BMIMPF 6 -MWCNT/GCE. Their appropriate ratio is about 6/100 (mg µL -1 ).
VEN electrochemical oxidation is a pH-dependent as shown in Figure 4 . The effect of solution pH on the oxidation peak current and peak potential for 2.0×10 -4 mol L -1 VEN on MWCNTs-RTIL/GCE was studied by CV over the pH range from 4.0 ~ 12.0. Experimental results show that with the increasing pH, the oxidation peak potentials of VEN on MWCNTs-RTIL/GCE shifted linearly to negative over the pH range from 4.0 ~ 9.0. The relationship between the oxidation peak potentials and the solution pH could be fit to the equation as E p / mV = 1309.5 -62.3 pH with a correlation coefficient as 0.9980. Since the electrochemical oxidation of VEN is known to occur by a two electron transferring, 33 thus the number of protons involved were also predicted to be two according to the equation of E p / mV = E 0 -(59m/n) pH. The results indicated that the electrochemical oxidation of VEN on MWCNTs-RTIL/GCE is an irreversible electrochemical oxidation process taking part in by two electrons and two protons. The oxidation peak potentials of VEN kept basically unchanged when pH > 9.0. The oxidation peak currents of VEN decreased with increasing pH over the pH range from 4.0 ~ 8.5 and it kept basically constant from 8.5 ~ 10.5, but it decreased from 10.5 ~ 12.0.
Electrochemical Kinetics
Charge Transferring Coefficient α CV determinations of 2.0×10 -4 mol L -1 VEN on MWCNTs-RTIL/GCE were investigated under scan rate from 10 mV s -1 ~ 1000 mV s -1 in the potential windows from 0.30 V ~ 1.20 V. For an irreversible diffusioncontrolled one, the peak potential (E p ) is proportional to the logarithm of potential scan rate (log ν) with the following equation: ) and E p / mV = 508.5 + 161 log (ν / mV s -1 ) with a correlation coefficients (R) as 0.9990, 0.9956 and 0.9980 at GCE, MWCNTs/GCE and MWCNTs-RTIL/GCE. A value of b = 2×∂E p /∂(log v) = 143.6 mV, 278.8 mV and 322.2 mV, were obtained. As we know the number of the electron transferring (n) of VEN is 2, 33 so the charge transferring coefficient (α) can be obtained according to the equation b = 2.303 R T / n (1 -α) F. The calculated charge transferring coefficients (α) of VEN on the GCE, MWCNTs/GCE and MWCNTs-RTIL/GCE see Table 1 .
The Electrode Reaction Rate Constant k f
The electrode reaction rate constant (k f ) can be determined by chronoamperometry (CA) using the following equation:
in which,
For the totally irreversible electrochemical reaction, the value of k b is 0, therefore
When t approaches to 0, the plot of I(t) vs t 1/2 gives a good straight line. Therefore, k f of VEN on GCE, MWCNTs/GCE and MWCNTs-RTIL/GCE can be calculated from the slopes and the intercepts of CA curves as shown in Table 1 as well.
In order to check the electrochemical response of MWCNTs-RTIL/GCE for VEN, the time-steady state current response curves was determined and the experimental results are shown in Figure 5 . The current response signal of MWCNTs-RTIL/GCE is proportional to VEN concentration, response time is less than five seconds, and the least response concentration is 2.0×10 -6 mol L -1 which can be used in VEN electrochemical quantity determination with both the low detection limit and the high sensitivity.
Electrochemical Determination Application
Optimization of Experimental Conditions of SWV
The square wave voltammetric response markedly depends on the parameters of the excitement signals. Therefore, optimization of the pulse amplitude, the frequency, and the scan potential increment were investigated in the experiment. The dependence of the oxidation peak current on the pulse amplitude was examined in the range of 5 ~ 50 mV. From 5 ~ 10 mV, the variation of the peak currents with the pulse amplitude increasing was a linear increasing, over 10 mV the variations remained almost constant. Thus, a pulse amplitude of 10 mV was chosen to improve the sensitivity without peak distortion. With a 10 mV pulse amplitude, the frequency was varied in the range from 1 ~ 24 Hz. From the experimental results it was found that from 1 ~ 5 Hz, the peak currents increased linearly with increasing frequency; over 5 Hz, the variation of the currents with the frequency increasing remained almost constant. A frequency of 5 Hz was chosen. Also with a 10 mV pulse amplitude and a 5 Hz frequency, a scan potential increment of 11 mV was found to develop a welldefined peak and a higher current response.
Square Wave Voltammetric Behaviors of VEN
The SWV behaviors of 2.0×10 -4 mol L -1 VEN at MWCNTs-RTIL/GCE, MWCNT/GCE and GCE in 0.10 mol L -1 of PBS were investigated respectively as shown in Figure 6 . From Figure 6 , it can be seen that VEN itself showed a sluggish SWV response at GCE and a less sensitive electrochemical response at MWCNTs/GCE in contrast to that at MWCNTs-RTIL/GCE, which revealed a faster electron transferring process of VEN at MWCNTs-RTIL/GCE. The experimental result was in quite good agreement with that of CV.
The catalytic oxidation peak currents (I p ) for VEN with the variation of its concentrations (C) were investigated at MWCNTs-RTIL/GCE under the optimized experimental conditions (the amplitude 10 mV, the frequency 5 Hz, and the scanning potential increment 11 mV). Linear calibration curves are obtained over the concentration ranges of 2.0×10 -6 mol L -1 ~ 2.0×10 -3 mol L -1 with linear fitting regression equation In order to examine the reproducibility of MWCNTs-RTIL/GCE, ten times of the determinations of 1.0×10 -4 mol L -1 VEN was performed by one MWCNTs-RTIL/GCE, nearly the same results were obtained. A relative standard deviation (RSD) of 1.4 % was obtained by measuring the oxidation peak currents for VEN electrochemical oxidation using six of the independent MWCNTs-RTIL/GCE. The experimental results showed a good reproducibility of the modified electrodes. The errors of the response current measurement of VEN are within ±5 % after the modified electrode was stored for 48 h under the room temperature, which suggested the excellent stability of the modified electrode.
The proposed methods were successfully applied in the quantitative determination of VEN content in commercial venlafaxine hydrochloride capsules sample. From the experimental results (as shown in Table 2 ), it was found that the proposed method afforded 25 mg per capsule with the relative standard deviations (RSD) as 0.2 % ~ 0.7 %, based on the average of the six replicate measurements. The accuracy of the proposed method was also judged by applying the standard VEN sample addition 56 which a small amount of standard spiking VEN solution of known concentration is added to a portion of a previously analyzed real sample solution in the identical experimental conditions and their mean percentage recoveries are 99.7 % ~ 102.0 %. These determination results implied that there were no significant differences between the proposed one and the reported conventional method [31] [32] [33] [34] with respect to reproducibility, accuracy and precision. In other words, the proposed method can provides a convenient and efficient one for the determination of VEN with the advantages of simplicity, sensitivity and the rapidity.
CONCLUSION
The electrochemical behaviors, electrochemical kinetics and electrochemical determination of VEN were investigated by several electrochemical methods based on the application of the MWCNTs-RTIL/GCE. A welldefined irreversible electrocatalytic oxidation peak of VEN at MWCNTs-RTIL/GCE was obtained. The VEN electrocatalytic oxidation reaction is a diffusioncontrolled process involving two electrons transferring accompanied by two protons taking part in the electrode reaction process. At the same time, the electrochemical kinetic parameters (charge transferring coefficient α and the electrode reaction rate constant k f ) were determined. From the recovery determined results (RSD as 0.2 % ~ 0.7 %, the mean percentage recoveries as 99.7 % ~ 102.0 %), a good accuracy and precision of the proposed method was obtained. Therefore, the proposed method can be successfully applied in the electrochemical quantitative determination of VEN content in commercial venlafaxine hydrochloride capsules and the determination results could meet the requirement of the quantitative determination. 
